1. Introduction {#sec1}
===============

*In vitro* transcribed (IVT) mRNA drugs allow for rapid and transient protein expression in cells, which is quite advantageous for the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (CRISPR/Cas9)-mediated genome editing and therapeutic applications.^[@ref1]−[@ref3]^ The CRISPR/Cas9 technology can be potentially applied for treatment of central nervous system (CNS) disorders including Alzheimer's diseases and Huntington disease.^[@ref4],[@ref5]^ Particularly, rapid expression profiles of Cas9-coded IVT mRNA (Cas9-mRNA) in target cells more likely permit the efficient binding between Cas9 protein and cotransfected single guide RNA (sgRNA) for facilitated genome editing, associated with the minimal risk of nuclease-induced genome instability.^[@ref6]^ In addition, IVT mRNA drugs have displayed an excellent safety profile in clinical trials as IVT mRNA is not inserted into the host genome, which is in sharp contrast to plasmid DNA (pDNA) and viral vectors.^[@ref1],[@ref3]^ However, the high susceptibility of IVT mRNA to degradation by ribonucleases (RNases) in cerebrospinal fluid is an inherent drawback that results in substantially low availability of IVT mRNA drugs.

To overcome the bottleneck of IVT mRNA drugs, nonviral delivery technologies, such as nanoparticle carriers, have been rigorously developed for the protection and rapid internalization of IVT mRNA into target cells.^[@ref7]−[@ref10]^ Among these, polycations are one of the most widely developed materials because they can readily form nanosized polyion complexes, termed polyplexes, with IVT mRNA by simple mixing in aqueous media.^[@ref11]−[@ref13]^ Notably, recent combinatorial approaches based on large molecular libraries have demonstrated several key structures, e.g., "ionizable" cationic moieties, for accelerated endosomal escape of polyplexes.^[@ref7],[@ref10],[@ref14]^ Besides the endosomal escape, polyplex stability is also critical for the transfection efficiency of fragile IVT mRNA especially under harsh *in vivo* conditions. Whereas higher polyplex stability is preferable for efficient cellular internalization of intact IVT mRNA, it more likely disturbs the prompt release of IVT mRNA from the polyplex in the target cell cytoplasm, thereby creating a need for optimization of polyplex stability. To this end, a viable approach is fine-tuning of the hydrophobicity of amphiphilic polycations to optimize the polyplex stability to be tolerable in extracellular milieu and dissociable in the cytoplasm.^[@ref15]−[@ref17]^ However, the optimal hydrophobicity of amphiphilic polycations has not been studied systematically for IVT mRNA-loaded polyplexes, and also critical physicochemical parameters (or indicators) in this regard have not been reported so far.

This study aims to design an amphiphilic polycation library to optimize the hydrophobic moieties for efficient, rapid, and transient expression of IVT mRNA *in vitro* and *in vivo*, directed toward the Cas9-mediated genome editing in the brain ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). To this end, a series of amphiphilic polyaspartamide derivatives are prepared from the same parent poly(β-benzyl-[l]{.smallcaps}-aspartate) (PBLA) to systematically investigate the hydrophobic effects on physicochemical and biological properties of IVT mRNA-loaded polyplexes. Particularly, aliphatic amines with a slightly different structure are randomly introduced into the side chains of polyaspartamide derivatives along with cationic diethylenetriamine (DET) moieties ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Of note, the DET moiety is selected as an IVT mRNA-condensing and endosome-escaping cationic unit that can induce the acidic pH-selective membrane disruption through the distinctive change in the protonation status from the membrane-inert monoprotonated state at physiological neutral pH (∼7.4) to the membrane-active diprotonated state at endosomal acidic pH (∼5.5).^[@ref11],[@ref12],[@ref14]^ Importantly, the polyplex properties, including the transfection efficiency, are plotted against octanol--water partition coefficients (log *P*) of the amphiphilic polyaspartamide derivatives (PAsp(DET/R)s) as an indicator of hydrophobicity.^[@ref18]−[@ref20]^ In this way, a log *P* threshold for high mRNA transfection efficiency is clearly found as a critical parameter. Ultimately, the optimized polyplex is subjected to intracerebroventricular and intrathecal administration to deliver Cas9-mRNA into the brain. The obtained results demonstrate the utility of the log *P* driven polymer design and the feasibility of the optimized polyplexes for the *in vivo* local IVT mRNA delivery and gene editing.

![Schematic Illustration of the Present Study\
Firstly, a series of amphiphilic polyaspartamide derivatives are synthesized to optimize the polymer hydrophobicity for higher IVT mRNA delivery efficiency in cultured cells. Then, the optimized polyplexes are prepared with Cas9-mRNA and chemically synthesized sgRNA for the target gene deletion in the mouse ventricular area via intracerebroventricular or intrathecal administration.](oc9b00843_0005){#sch1}

![Chemical structures of amphiphilic polyaspartamide derivatives with DET moieties (PAsp(DET/R)). PEN, pentyl; HEP, heptyl; OCT, octyl; NON, nonyl; DEC, decyl; CHE, 2-cyclohexylethyl; and PHE, 2-phenylethyl. PAsp(DET/R)s have the mixed sequence of α and β isomers,^[@ref21]^ yet only α isomer is shown here for simplicity.](oc9b00843_0001){#fig1}

2. Results and Discussion {#sec2}
=========================

2.1. Synthesis of Amphiphilic Polyaspartamide Derivatives {#sec2.1}
---------------------------------------------------------

A series of PAsp(DET/R)s were synthesized by the simultaneous aminolysis reactions of PBLA with DET and various aliphatic amines ([Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The parent polymer, PBLA, was first synthesized by the ring-opening polymerization of BLA-NCA initiated by *n*-butylamine. The *M*~w~/*M*~n~ and degree of polymerization (DP) of PBLA were determined to be 1.18 and 26 from the size exclusion chromatography (SEC) chart ([Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)) and ^1^H NMR spectrum ([Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)), respectively. Then, the mixture of DET and aliphatic amines (molar ratio = 1:2) was reacted with PBLA for 1 h.^[@ref11]^ The aliphatic amines were chosen to have the slightly different number of carbon atoms (i.e., 5, 7, 8, 9, and 10) in the linear structure, 8 with cyclohexyl ring (CHE), and phenyl ring (PHE), for fine-tuning of the hydrophobicity of PAsp(DET/R). All PAsp(DET/R)s were confirmed to have comparable introduction rates of aliphatic amines, i.e., ∼40%, in the side chains from the ^1^H NMR spectra ([Figures S2--S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)), as summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf). In a similar manner, PAsp(DET/CHE)s having different introduction rates of CHE moieties, i.e., ∼10% and ∼30%, were prepared to examine the effect of introduction rates of hydrophobic moieties ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). Further, PAsp(DET/CHE)s, as well as PAsp(DET)s, having different DPs of 63 and 121, were prepared to evaluate the effect of DP. In PAsp(DET/CHE)s with DP = 63 (*M*~w~/*M*~n~ = 1.19) and 121 (*M*~w~/*M*~n~ = 1.34), the introduction rates of CHE moieties were determined to be ∼50% and ∼40%, respectively, from their ^1^H NMR spectra (data not shown). The hydrophobicity of PAsp(DET/R) series was determined by measuring a log *P* value. To this end, PAsp(DET/R)s were labeled with Alexa647 and dissolved in a biphasic mixture of 1-octanol and HEPES buffer (10 mM, pH 7.3). Then, the fluorescence intensities of Alexa647 distributed in each phase were measured to calculate a log *P* value ([Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The log *P* values of PAsp(DET/R)s were ranging between −1.9 and −2.6. The obtained values showed an apparent linear correlation with the log *P* values calculated for the corresponding hydrophobic moiety by ChemDraw Professional Version 17: pentane (log *P* = 2.58), heptane (log *P* = 3.42), octane (log *P* = 3.84), nonane (log *P* = 4.25), decane (log *P* = 4.67), cyclohexylethane (log *P* = 3.25), and phenylethane (log *P* = 2.94). This finding suggests that the log *P* value of PAsp(DET/R)s can be roughly estimated from that of aliphatic amines.

2.2. Preparation and Characterizations of IVT mRNA-Loaded Polyplexes {#sec2.2}
--------------------------------------------------------------------

Polyplex samples were prepared by mixing PAsp(DET/R)s with gaussia luciferase (GLuc)-coded mRNA (GLuc-mRNA) with the base number of 783 at various N/P ratios in 10 mM HEPES buffer (pH 7.3). Each polyplex sample was termed R-polyplex, where R represents the hydrophobic moiety in PAsp(DET/R), as summarized in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf). The mRNA loading into polyplexes was confirmed by agarose gel electrophoresis ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The free mRNA band disappeared at N/P ≥ 2 in all PAsp(DET/R)s, indicating that all mRNA molecules were associated with PAsp(DET/R)s at N/P ≥ 2. Considering that DET moieties have an amine protonation degree of approximately 50%,^[@ref12]^ the N/P of 2 corresponds to a charge-neutralization point between protonated amines in PAsp(DET/R) and phosphates in IVT mRNA. Thus, the result obtained from gel electrophoresis suggests the charge-stoichiometric polyplex formation between PAsp(DET/R) and GLuc-mRNA. Also, it is suggested that the introduction of hydrophobic R moieties did not affect the charge-stoichiometric complexation behavior. Hydrodynamic diameter (*D*~H~), polydispersity index (PDI), and ζ potential of polyplex samples prepared at N/P = 3 and 5 were measured with a Zetasizer ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). While the *D*~H~ values of polyplexes prepared at N/P = 3 were around 130 nm, the polyplexes at N/P = 5 exhibited smaller *D*~H~ values of around 100 nm with a relatively narrow PDI of around 0.2. Considering that the ζ potentials of the polyplexes were considerably increased with the change in N/P from 3 to 5, the higher surface potential more likely provided the polyplexes with higher colloidal stability (or electrostatic repulsive force), permitting the formation of smaller and narrowly distributed polyplexes at the higher N/P. It should be noted that the polyplex samples prepared at the same N/P exhibited the similar ranges of *D*~H~ and ζ potential regardless of log *P* values. These data indicate that all PAsp(DET/R)s successfully formed IVT mRNA-loaded polyplexes in 10 mM HEPES buffer (pH 7.3).

2.3. Evaluation of Protein Expression Efficiency of Polyplexes in Cultured Cells {#sec2.3}
--------------------------------------------------------------------------------

The IVT mRNA delivery efficiencies of polyplexes were determined in cultured mouse myoblast (C2C12) and neuroblastoma (Neuro-2a) cells. Each PAsp(DET/R) was mixed with GLuc-mRNA at N/P = 3 and 5 to form polyplex samples. The polyplex samples were transfected into the cells at 50 ng mRNA/well. The cells were incubated for 24 h, and GLuc expression levels were measured with a luminescence plate-reader. The obtained GLuc expression profiles were apparently similar between C2C12 cells and Neuro-2a cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B). In comparison among PAsp(DET/R)s with linear alkyl chains (or linear series), HEP-, OCT-, NON-, and DEC-polyplexes showed appreciably higher luminescence intensities than PEN- and DET-polyplexes, indicating that the alkyl chains with more than 5 carbons should be required for the significant IVT mRNA transfection into the cultured cells. Particularly, PAsp(DET/OCT) with 8 carbons in the hydrophobic moiety displayed the highest transfection efficiency in the linear series. This result suggests that the alkyl chain of 8 carbons might impart the optimal balance in IVT mRNA-loaded polyplex stability. A further comparison among OCT-, CHE-, and PHE-polyplexes with 8 carbons in the hydrophobic moieties (or 8-carbon series) reveals that the luminescence intensity of CHE-polyplex was higher than those of the other polyplexes and comparable to that of Lipofectamine 2000 (Lipo) as a reference. Interestingly, PHE-polyplex showed an almost background level of luminescence intensity, which is sharply contrasted with that of CHE-polyplex. Note that the similar IVT mRNA expression profile was obtained for the transfection of firefly luciferase (FLuc)-coded IVT mRNA (FLuc-mRNA) with the base number of ∼1900 into cultured C2C12 cells ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)), indicating that the obtained transfection profiles were not limited for a specific IVT mRNA. These results demonstrate that a subtle change in hydrophobicity of PAsp(DET/R) dramatically improved the delivery efficiency of IVT mRNA-loaded polyplexes. In addition, the polyplexes prepared at N/P = 5 exhibited higher luminescence intensities than at N/P = 3, possibly due to the higher ζ potential values, which might facilitate the adsorptive endocytosis of polyplexes through the binding to anionic glycocalyx on the cell membranes and/or more efficient endosomal escape triggered by larger amounts of PAsp(DET/R) comprising the endosome-disrupting DET moieties.

![Luminescence intensities of cultured cells transfected with GLuc-mRNA. C2C12 cells (A) and Neuro-2a cells (B) were transfected by varying IVT mRNA-loaded polyplex samples prepared from PAsp(DET/R)s (DP = 26) at N/P ratios of 3 and 5. Lipofectamine 2000 (Lipo) was utilized as a reference. (C) C2C12 cells were transfected by PAsp(DET/CHE) with varying introduction rates of CHE moiety (DP = 26). The cells were incubated with each polyplex (50 ng mRNA/well) for 24 h. All results are expressed as mean ± SD (*n* = 4). (D) Correlation between GLuc-mRNA expression and log *P*. The expression levels of GLuc-mRNA were determined from the luminescence intensities (C2C12 cells, N/P = 5) in parts A and C.](oc9b00843_0002){#fig2}

The effect of substitution degrees of hydrophobic moiety in the polyaspartamide side chains on IVT mRNA transfection was also investigated for the most effective PAsp(DET/CHE). PAsp(DET/CHE)s with three different substitution degrees of CHE moiety were used for the polyplex formation with GLuc-mRNA. Note that all the polyplexes exhibited the similar *D*~H~, PDI, and ζ potential at N/P = 3 and 5 ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The CHE-polyplexes with ∼10% and ∼30% of CHE moieties (CHE~2/26~- and CHE~8/26~-polyplexes, respectively) induced 5 orders of magnitude lower GLuc-mRNA expression than that with ∼40% CHE moieties (CHE-polyplex) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). This result indicates that a certain amount of CHE moiety was required for the enhanced IVT mRNA transfection by CHE-polyplex. The effect of DP of PAsp(DET/CHE) on IVT mRNA delivery was further examined in comparison with PAsp(DET) control. Note that PAsp(DET/CHE)s with DPs of 63 and 121 formed IVT mRNA-loaded polyplexes with comparable *D*~H~ and ζ potentials to that with DP of 26 ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). Whereas the higher DP of 121 was needed for PAsp(DET) to elicit the significant luminescence intensity, all the CHE-polyplexes (CHE-, CHE~32/63~-, and CHE~47/121~-polyplexes) induced appreciably higher GLuc expression compared with the most effective DET~0/121~-polyplex ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). Thus, the DP of PAsp(DET/CHE) did not affect the high level of GLuc-mRNA expression at least in the range between 26 and 121.

A dose-dependent manner of GLuc-mRNA expression by CHE-polyplex (DP = 26, N/P = 5) was further examined in cultured C2C12 cells. The CHE-polyplex showed a distinct dose-dependent increase in luminescence intensity between 0.5 and 10 ng mRNA/well, and the increment reached a plateau at 10 ng mRNA/well ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The apparent saturation of GLuc expression level might be due to the limitation of available free ribosomes, which is reported to be 10^5^--10^6^ molecules/cell in the cytoplasm.^[@ref22],[@ref23]^ A time-dependent manner of GLuc-mRNA expression by CHE-, OCT-, and DET-polyplexes (DP = 26, N/P = 5) was also measured every 2 h in cultured C2C12 cells ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The CHE-polyplex elicited a 10-fold higher luminescence intensity for all measurement times, compared with the OCT-polyplex, indicating that the higher mRNA expression by CHE-polyplex was not limited for a specific measurement time. Meanwhile, the viability of C2C12 cells was measured after treatment with CHE-polyplex (DP = 26, N/P = 5) for 24 h ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). No reduction in the cell viability was induced at 10--200 ng mRNA/well, indicating the negligible cytotoxicity of CHE-polyplex at these concentrations.

For a comprehensive interpretation, the correlation between the hydrophobicity of PAsp(DET/R) and the IVT mRNA expression efficiency of polyplex was investigated. Herein, the GLuc-mRNA expression efficiencies in cultured C2C12 cells were plotted against log *P* ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). There is an apparent threshold of log *P* between −2.3 and −2.4 for the GLuc-mRNA expression efficiency. The PAsp(DET/R)s bearing log *P* \> -- 2.4, i.e., R = CHE~11~, HEP~11~, DEC~9~, OCT~10~, and NON~10~, elicited the appreciably higher mRNA transfection efficiency, compared with those bearing log *P* \< -- 2.4, i.e., R = PEN~13~, PHE~11~, CHE~2~, and CHE~8~. This result clearly indicates that the hydrophobicity of amphiphilic polycations should be optimized for the polyplex-mediated IVT mRNA delivery. Particularly, PAsp(DET/CHE) with a log *P* of −2.31 realized the optimal balance in hydrophobicity for the enhanced mRNA delivery under the tested condition.

2.4. Cellular Uptake and Intracellular Trafficking of mRNA-Loaded Polyplexes {#sec2.4}
----------------------------------------------------------------------------

To elucidate the underlying mechanism for the appreciably high IVT mRNA expression by CHE-polyplexes, the cellular uptake of IVT mRNA was examined by a flow cytometer using Cy5-labeled GLuc-mRNA (Cy5-mRNA). C2C12 cells were incubated with naked Cy5-mRNA or Cy5-mRNA-loaded polyplexes (DP = 26, N/P = 5) for 4 h before flow cytometric analysis ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). In the linear series, HEP-, OCT-, NON-, and DEC-polyplexes showed much higher mean fluorescence intensity derived from Cy5-mRNA, compared with DET- and PEN-polyplexes. Also, in the 8-carbon series, the mean fluorescence intensities obtained from the cells treated with OCT- and CHE-polyplexes were obviously higher than that with PHE-polyplex. These results indicate that the appreciably lower IVT mRNA expression by PEN-, PHE-, and DET-polyplexes should be ascribed to the inefficient cellular uptake of IVT mRNA payloads. Interestingly, the cellular uptake efficiencies plotted against log *P* clearly show their linear correlation (*R*^2^ = 0.951) except for CHE-polyplex ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)), where the polyplexes with higher log *P* enabled more efficient cellular uptake of Cy5-mRNA. This finding suggests that the hydrophobicity of PAsp(DET/R)s determined the cellular uptake efficiency of polyplexes. The reason why the CHE-polyplex did not fit the line remains elusive. One possible explanation is that the cyclohexyl ring structure in the CHE moiety might be more effectively intercalated into the hydrophobic membrane domain due to the high affinity to saturated acyl chains in lipids for facilitated adsorptive endocytosis of CHE-polyplex.^[@ref24],[@ref25]^

The inefficient cellular uptake of DET-, PEN-, and PHE-polyplexes might be due to lower polyplex stabilities, resulting in higher susceptibility to enzymatic degradation. Thus, the polyplex (or IVT mRNA payload) stabilities were evaluated through incubation with 10% FBS for 1 h at 37 °C ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Whereas the intact IVT mRNAs were clearly observed in HEP-, OCT-, NON-, DEC-, and CHE-polyplexes, DET-, PEN-, and PHE-polyplexes displayed smaller amounts of intact IVT mRNA on the gel. This result demonstrates that the polyplexes showing the inefficient cellular uptake of IVT mRNA were intolerable in the FBS solution. Again, the amounts of remaining intact IVT mRNA were plotted against log *P* ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). A positive correlation was clearly observed between the amounts of remaining intact IVT mRNA and log *P*, indicating that lower hydrophobicity in PAsp(DET/R)s resulted in the polyplex formation with lower stability. Lower stabilities of polyplexes with lower log *P* were also confirmed from the decrease in scattered light intensity (SLI) of polyplex samples in 150 mM NaCl solution ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). Larger decreases in relative SLI were observed for the polyplexes with lower log *P* values, suggesting that the physiological salt condition considerably destabilized the IVT mRNA-loaded polyplexes with the lower log *P*, probably due to attenuated electrostatic interactions between IVT mRNA and PAsp(DET/R)s. In contrast, PAsp(DET/R)s with higher log *P* were more tolerable to the physiological salt condition presumably due to their stronger hydrophobic interaction.

![(A) Acrylamide gel electrophoresis of IVT mRNA after incubation of polyplexes (N/P = 5) in 10% FBS for 1 h at 37 °C. After incubation, polyplex samples were purified with a RNeasy mini kit for mRNA release. (B) Fluorescence emission profiles of naked Cy3-mRNA, Alexa647-PAsp(DET/CHE), Alexa647-PAsp(DET/OCT), and their polyplexes (20 ng/μL mRNA, N/P = 5). (C) Relative FRET ratios (Alexa647 intensity/Cy3 intensity) derived from C2C12 cells treated with polyplexes with Cy3-mRNA and Alexa647-PAsp(DET/R) (N/P = 5, 500 ng mRNA/well). The Cy3 and Alexa647 intensities were determined by flow cytometer, and the FRET ratios were normalized to that obtained from OCT-polyplex in 6 h of incubation. All results are expressed as mean ± SE (*n* = 3). (D) Schematic illustration of a luciferase-reporter pDNA HDR assay. The pDNA encoding luciferase with an in-frame stop codon produces an inactive luciferase protein that cannot catalyze luciferin. sgRNA-associated SpCas9 can repair the pDNA to the full-length luciferase sequence. The repaired pDNA produces an active luciferase protein that can catalyze the luciferin substrate for emitting the luminescence. (E) SpCas9 nuclease activity determined by luminescence intensities in cultured HeLa cells. The cells were initially transfected with the reporter components by Lipo and incubated for 24 h. The cells were then transfected with CHE-polyplexes (DP = 26, N/P = 5), DET~0/121~-polyplex (DP = 121, N/P = 5), or Lipo prepared from SpCas9-mRNA for 24 h. As a positive control, the cells were transfected with SpCas9 pDNA by Lipo concurrently with the reporter components and incubated for a total of 48 h. Results are expressed as mean ± SD (*n* = 4).](oc9b00843_0003){#fig3}

Interestingly, the similar levels of cellular uptake efficiencies were observed for HEP-, OCT-, NON-, DEC-, and CHE-polyplexes, suggesting that the much higher IVT mRNA expression efficiency of CHE-polyplexes should be ascribed to the other transfection step following the cellular internalization. In detail, the CHE-polyplex exhibited 10-fold higher luciferase expression in the time-dependent profiles, compared to OCT-polyplex ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). Nevertheless, the CHE-polyplex showed lower cellular uptake efficiency than OCT-polyplex until 6 h of incubation ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). Thus, the endosomal escape abilities of CHE- and OCT-polyplexes were observed as a next transfection step by confocal laser scanning microscopic (CLSM) observation ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The CLSM images display the similar subcellular distribution of Cy5-mRNA between CHE- and OCT-polyplexes. This is probably due to the fact that both polyplexes comprised similar amounts of DET moieties as an endosome-disrupting unit. To gain more insight into the higher mRNA expression by CHE-polyplex, the IVT mRNA releasability of CHE-polyplex inside cells was evaluated in comparison with OCT-polyplex by flow cytometry combined with a FRET technique. First, the FRET intensity of each polyplex prepared from Cy3-mRNA and Alexa647-PAsp(DET/R) (DP = 26, N/P = 5) was compared in a buffer solution ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Both CHE- and OCT-polyplexes exhibited similar FRET intensities (defined as fluorescence intensity (FI) at 670 nm/FI at 565 nm) of 0.28. These FRET intensities were apparently higher than the background signal (∼0.035) calculated from naked Cy3-mRNA (FI at 565 nm: 285) and free PAsp(DET/R)s (FI at 670 nm: ∼10), indicating the effective condensation of IVT mRNA by both PAsp(DET/OCT) and PAsp(DET/CHE). Then, we assumed that the IVT mRNA delivered by CHE-polyplex should be more rapidly decondensed inside the cells, compared with OCT-polyplex, to allow for the more rapid and higher mRNA expression. To verify this assumption, the FRET intensities of the Cy3-mRNA/Alexa647-PAsp(DET/R) pair in the cells treated with CHE- and OCT-polyplexes were quantitatively analyzed after 6 and 12 h of incubation by flow cytometer ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The FRET intensities derived from CHE-polyplex at 6 and 12 h were significantly lower than those of OCT-polyplex at 6 and 12 h, respectively. This result confirms that PAsp(DET/CHE) was more rapidly detached from IVT mRNA within the cells compared with PAsp(DET/OCT). Thus, the rapid decondensation of IVT mRNA in CHE-polyplex in the cells more likely allowed for the more rapid and higher IVT mRNA expression.

2.5. *In Vitro* SpCas9-mRNA Delivery by CHE-Polyplex {#sec2.5}
----------------------------------------------------

The CRISPR/Cas9 technology can site-specifically modify the genome in a wide variety of cell types^[@ref3],[@ref26]^ and may change the modality of treatment for complex heritable and somatic disorders.^[@ref27]^ Herein, the nuclease activity of SpCas9 was investigated by a luciferase-reporter pDNA homology-directed repair (HDR) assay ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D).^[@ref28]^ The measurement of luciferase luminescence intensity allows us to estimate the SpCas9-mRNA activity. Human cervical cancer, HeLa cells, were first transfected with reporter components, i.e., sgRNAs, StopFluc reporter, and luciferase donor, using Lipofectamine 3000 (Lipo). Of note, HeLa cells were used here because the significant gene editing activity by the reporter components was successfully demonstrated in our previous study.^[@ref28]^ As the optimized formulation, CHE-polyplex was tested for the delivery of SpCas9-mRNA with the base number of ∼4500 in comparison with a commercially available transfection reagent (Lipo). After 24 h of incubation with the reporter components, the cells were additionally incubated with SpCas9-mRNA-loaded samples for another 24 h. The Lipo loaded with pDNA encoding SpCas9 (Lipo/SpCas9 pDNA) was used as a positive control. Luminescence intensities of nontreated cells and the cells treated with the reporter components were 190 ± 10 and 390 ± 30, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E). In contrast, CHE-polyplex showed significantly higher SpCas9 nuclease activity (1800 ± 150) than Lipo (1350 ± 90) and DET~0/121~-polyplex (420 ± 40), demonstrating that PAsp(DET/CHE) had a superior transfection activity of SpCas9-mRNA in this HDR assay. Note that the luminescence intensity of the cells treated with the SpCas9 pDNA-loaded Lipo as a positive control was 2380 ± 330. This higher intensity might be due to long-lasting expression of SpCas9 and the longer contact time of pDNA-loaded Lipo with the cells (48 h).

2.6. *In Vivo* mRNA Delivery to Brain {#sec2.6}
-------------------------------------

We further investigated the *in vivo* IVT mRNA delivery efficiency of CHE-polyplex in the mouse brain. This experiment supposes that CRISPR/Cas9 technology can be potentially applied for the treatment of Alzheimer's disease^[@ref4]^ and Huntington disease.^[@ref5]^ FLuc-mRNA-loaded CHE-polyplexes (N/P = 3 and 5) and Lipo were intracerebroventricularly administered into the mice. The protein expression efficiency of FLuc-mRNA in the brain was quantitatively evaluated by IVIS measurement 4 and 24 h after administration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A and [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). The CHE-polyplex (N/P = 5) showed significantly higher luminescence intensities at 4 h, compared with CHE-polyplex (N/P = 3) and Lipo. Then, the luminescence intensities of the CHE-polyplex (N/P = 5) rapidly decreased after 24 h, indicating that the CHE-polyplex efficiently elicited the protein production in an early time period after injection even under the *in vivo* condition. The higher FLuc expression by CHE-polyplex (N/P = 5) is probably due to its higher cellular uptake, compared to the CHE-polyplex (N/P = 3). The higher ζ potential of the CHE-polyplex (N/P = 5) might induce the rapid internalization into the brain cells, which is in the small volume (∼40 μL) of cerebrospinal fluid (CSF).^[@ref29]^ The distribution of CHE-polyplexes in the brain ventricular area after intracerebroventricular injection was further observed for Cy5-mRNA-loaded CHE-polyplex (N/P = 5) and naked Cy5-mRNA ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The brain was excised in 4 h postadministration and sliced as a sagittal section. DAPI-stained nuclei and Cy5-mRNAs were shown in blue and red, respectively, in the CLSM images. The Cy5 fluorescence derived from CHE-polyplex was distributed mainly in the ependymal layer of third and lateral ventricles.^[@ref30],[@ref31]^ The fluorescence was found in the brain section of even ∼2.8 mm from the injection site. As a control, the red fluorescence of naked Cy5-mRNA was mainly observed in the hippocampus and found in the brain section of ∼1.4 mm from the injection site ([Figure S18A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)). CSF is produced from choroid plexus in the third, fourth, and lateral ventricle at a rate of ∼350 nL/min.^[@ref29]^ CSF circulates in the lateral ventricle and eventually moves into the third ventricle.^[@ref32]^ The wide range of distribution of Cy5 fluorescence (or Cy5-mRNA) by CHE-polyplex in the lateral ventricles indicates that CHE-polyplex had a significant durability even in the cerebrospinal flow.

![(A) Quantitative evaluation of FLuc-mRNA expression level after intracerebroventricular administration into mice. Polyplexes (DP = 26) and Lipo were administered at 4.5 μg FLuc-mRNA, and the luminescence intensities in the brain were measured by an IVIS instrument 4 and 24 h after injection. Naked mRNA was also administered as a control. Results are expressed as mean ± SD (*n* = 3). (B) Histological evaluation of the brain treated with CHE-polyplex (DP = 26, N/P = 5) loaded with Cy5-mRNA 4 h after injection. The brain was serially sectioned from the center to the side as illustrated. DAPI-stained nuclei and Cy5-mRNAs were shown in blue and red, respectively. (C, D) Bioluminescence images of mice intrathecally treated with FLuc-mRNA-loaded CHE-polyplex (DP = 26, N/P = 5). The FLuc expression was recorded at 4 h (C) and 24 h (D) postadministration into mice (3.0 μg FLuc-mRNA/mouse). White and yellow arrows indicate the sample and catheter injection sites, respectively. (E) Quantitative evaluation of FLuc-mRNA expression level after the intrathecal administration into mice. Results are expressed as mean ± SD (*n* = 3). (F) CLSM image of brain distribution of Cy5-mRNA/Cy3-sgRNA-loaded CHE-polyplexes (DP = 26, N/P = 5) 4 h after intracerebroventricular injection (1.5 μg Cy5-mRNA and 1.5 μg Cy3-sgRNA/mouse). Cy5-mRNA, Cy3-sgRNA, and DAPI-stained nuclei are shown in red, green, and blue, respectively. (G, H) tdTomato fluorescence images of Ai9 mice intracerebroventricularly treated with SpCas9-mRNA/sgRNA-loaded CHE-polyplexes (DP = 26, N/P = 5). The tdTomato expression was recorded at 2 days postadministration into the mice (1.5 μg SpCas9-mRNA and 1.5 μg sgRNA/mouse). DAPI-stained nuclei and tdTomato are shown in blue and red, respectively. The ventricles were observed by using 10× (G) and 40× (H) objectives.](oc9b00843_0004){#fig4}

We further examined a potential availability of CHE-polyplex in the intrathecal administration because most administration protocols of therapeutic nucleic acids in clinical trials for treatment of CNS disorder employ intrathecal injections.^[@ref33]^ FLuc-mRNA-loaded CHE-polyplex (N/P = 5) was intrathecally administered into the subarachnoid space at Th10. The luciferase protein expression in the mouse was quantitatively evaluated by IVIS measurement at 4 and 24 h postadministration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D). The luciferase expression was observed in the brain probably because the CHE-polyplex stably diffused into the CSF of subarachnoid space at 4 h. We also observed luciferase expression at the injection site on the spinal canal. The luminescence intensities of CHE-polyplex at 4 h rapidly decreased to 1/10 at 24 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E), similar to the intracerebroventricular administration. Overall, these results demonstrate that CHE-polyplex has a strong potential for the local brain delivery of therapeutic IVT mRNA.

Ultimately, the gene editing activity of CHE-polyplex was validated in the Ai9 mouse model, where a STOP cassette prevents the transcription of fluorescence protein, tdTomato.^[@ref34]^ The gene deletion via a double-stranded break in the Ai9 DNA sequence turns on the expression of the fluorescence protein. First, CHE-polyplexes were separately prepared from Cy5-mRNA and Cy3-labeled chemically synthesized sgRNA at N/P = 5, and were intracerebroventricularly administered into BALB/c mice.^[@ref35]^ The distribution of two different polyplexes in the brain was observed because they need to be taken up by the same cells for the gene deletion. At 4 h postadministration, the brain was excised and sliced as a sagittal section, followed by nuclear staining with DAPI. The CLSM images of the tissue section displayed that the fluorescences of Cy5-mRNA and Cy3-sgRNA were apparently overlapped in the ependymal layer of ventricles and choroid plexus ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F and [Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf)), indicating that the two different polyplexes were internalized similarly into the brain cells. Next, CHE-polyplexes were separately prepared from SpCas9-mRNA and sgRNA at N/P = 5 and intracerebroventricularly administered into Ai9 mice. tdTomato fluorescence was observed in the brain tissue section 2 days after the administration. The tdTomato fluorescence was also mainly detected in the ependymal layer of ventricles and choroid plexus ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}G), consistent with the distribution of Cy5-mRNA- and Cy3-sgRNA-loaded polyplexes. Clearly, the fluorescence was observed in both nucleus and cytosol areas ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}H). These data demonstrate that CHE-polyplex efficiently delivered SpCas9-mRNA and sgRNA into the brain cells to edit the genomic DNA through intracerebroventricular administration. It should be further noted that the present polymer design can be extended for the brain-targeted systemic delivery of IVT mRNA by installing specific ligand molecules, such as glucose, peptides, and proteins, to cross the blood--brain barrier via the transcellular pathway.^[@ref36]−[@ref38]^

2.7. Safety Statement {#sec99}
---------------------

No unexpected or unusually high safety hazards were encountered.

3. Conclusion {#sec3}
=============

In summary, a series of amphiphilic polyaspartamide derivatives were synthesized to optimize the polyplex-mediated IVT mRNA delivery. The obtained results reveal that the polyaspartamide side chain structures and their contents dramatically altered the IVT mRNA expression efficiency. Importantly, the *in vitro* mRNA expression profiles were well-documented by a parameter of hydrophobicity, log *P*. The 3.5 orders of magnitude higher mRNA expression efficiencies were obtained from the higher log *P* group (with log *P* \> −2.3), compared with the lower log *P* group (with log *P* \< −2.4). In the higher log *P* group, the polyaspartamide derivative bearing the lower log *P*, i.e., PAsp(DET/CHE~11~)~26~, accomplished the highest IVT mRNA expression efficiency, probably due to the optimized balance in hydrophobicity for the significant polyplex stability in extracellular milieu and the prompt release of mRNA payloads inside the cells. Ultimately, the CHE-polyplex achieved the gene deletion in the brain through intracerebroventricular injection into the Ai9 mice. Altogether, the present study, for the first time, provides a useful index for the optimization of hydrophobicity of polycations for the enhanced IVT mRNA delivery. Also, the optimized derivative, PAsp(DET/CHE~11~)~26~, was demonstrated to have a high potential for the IVT mRNA-mediated genome engineering.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00843](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00843).Materials and methods, compositions, log *P*, DP, introduction rates, nomenclature of polyplexes, *D*~H~, PDI, ζ potential, synthetic procedure, ^1^H NMR spectra, agarose gel electrophoresis, luciferase assay in various conditions, cellular viability, cellular uptake profiles, cellular uptake efficiencies plotted against log *P*, naked mRNA amounts plotted log *P*, scattering light intensity at 0 mM and 150 NaCl, time-dependent cellular uptake, CLSM images, bioluminescence images, and histological evaluation ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00843/suppl_file/oc9b00843_si_001.pdf))
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